We have observed threshold switching (TS) with minimal hysteresis and a small threshold electric field (60-90 kV/cm) in Nb/NbO 2 /TiN structures. The TS was unipolar with certain repeatability. A less sharp but still sizable change in the device resistance can be observed up to 150 • C. The TS without Nb capping layer exhibited hysteretic characteristics. It was proposed that the surface Nb 2 O 5 layer on NbO 2 could significantly modify the TS in this vertical device. This understanding of the surface effect will allow further control of the non-linear IV characteristics for NbO 2 -based switches or selector devices.
I. INTRODUCTION
Threshold switching (TS) has been reported in niobium oxides since as early as the 1960s [1] , including both NbO 2 [2] and metal-rich nonstoichiometric phases (NbO x ) [3] - [5] . Besides the TS triggered by electric field, NbO 2 also undergoes a metal-insulator transition (MIT) at ∼1081 K, which is accompanied by a first order phase transition from a distorted rutile structure (space group I4 1 /a) to a rutile structure (space group P4 2 /mnm) [6] . The TS and thermally induced MIT are similar to those of VO 2 (thermally induced MIT happens at ∼ 340 K) [7] , with the higher transition temperature of NbO 2 promising more extended temperature range in circuit applications. The mechanism for the TS in NbO 2 remains controversial. Some suggested the TS was essentially the thermally driven MIT, which was induced by Joule heating and a conducting filament was formed [8] - [10] , while others speculated that the TS was triggered by changes in electronic structures [2] , [11] .
Selector devices with a strong non-linearity in the IV characteristics can be critical components for vast "crosspoint" arrays, offering an avenue to dense nonvolatile memory devices [12] . The TS and MIT of NbO 2 makes it a promising candidate for the selector devices [13] - [16] . However, it has been a challenge to prevent the formation of Nb 2 O 5 both in synthesis and after-growth fabrication of NbO 2 , and the threshold voltages were still too large [12] . In this work, the novel reactive bias target ion beam deposition (RBTIBD) technique was used to synthesize phase pure NbO 2 films. The NbO 2 film was capped with a ∼100 nm thick Nb film in-situ to prevent the formation of an Nb 2 O 5 overlayer observed previously on epitaxial NbO 2 films [17] .
II. EXPERIMENT
NbO 2 films were deposited on TiN/Si(001) substrates by RBTIBD. The base pressure of the main chamber was ∼9×10 -8 Torr. The pressure during deposition was ∼1×10 -3 Torr and the substrates were heated to 500 • C. An Ar/O 2 80/20 mixture was used as the reactive gas. NbO 2 films in this work were grown with the flow of the reactive mixture being set to 5.5 SCCM. Detailed procedures of deposition can be found elsewhere [17] . The thickness of the grown films was obtained by X-ray reflectivity (Smart Lab, Rigaku Inc.) and the growth rate of the NbO 2 film was ∼3.5 nm/min. In some samples, a ∼100 nm thick Nb layer was deposited at room temperature on top of NbO 2 prior to air exposure.
The microstructure of the NbO 2 film was examined by a 2θ X-Ray diffraction scan with a Cu Kα 1 radiation, and the Raman spectrum was measured by an inVia Raman microscope with a 514 nm laser source. The XPS spectra were measured with monochromatic Al Kα radiation at base pressure of 1×10 -9 Torr. Switching of the Nb/NbO 2 /TiN stacks was performed on a two-terminal structure. The capping layer served as a top contact with different sizes defined by the photolithographic technique and reactive ion etching. The bottom electrode was the TiN layer to which the contact was made by cold-pressing indium via scratches into the substrate at the corners of the samples. Pulsed sweeps of voltage were conducted using a Keithley 2635 source meter with tungsten tip (diameter = 5 μm), with pulse-on time of 1 ms and pulse-off time of 10 ms. Fig. 1(a) shows the XRD 2θ scan of the deposited NbO 2 film without Nb cap. Only diffraction peaks from tetragonal NbO 2 were observed [18] . The Raman spectrum of the NbO 2 film shown in Fig. 1 (b) matched well to the previous reported spectra of NbO 2 films [17] , [19] , which suggested predominant existence of NbO 2 . Fig. 1(c) shows the core level 3d spectrum measured with the photoelectron emission normal to the film surface. The primary peaks corresponded to Nb 5+ and Nb 4+ peaks, respectively. No Nb 2+ peaks were observed. To determine whether Nb 5+ was limited to the surface due to atmospheric exposure, the sample was tilted to make the photoelectron emission come from a grazing angle at 20 • . As is shown in Fig. 1(d) , the Nb 4+ peaks are considerably depressed in the spectrum measured at incident angle of 20 • , indicating that the film surface was over-oxidized to Nb 5+ and Nb 4+ should have significantly higher intensity in the bulk of the film. By applying similar analysis as in previous study [17] , the surface Nb 2 O 5 layer was estimated to be ∼2 nm. 30 μm × 50 μm in the pulsed voltage driven switches at room temperature. Upon the upward voltage sweep, the current through the device showed a sudden jump from ∼0.055 mA to the preset compliance current (3 mA) at the applied voltage of ∼0.8 V, corresponding to the change in resistance from 1.4×10 4 to 270 . The electric field was calculated based on the NbO 2 film thickness (∼104 nm). The current density and resistivity were calculated based on the dimensions of the fabricated Nb top electrodes, assuming uniform electric current distribution. The threshold electric field (E Threshold ) corresponding to the switching voltage was 7.7×10 4 V/cm. The current density (J) was ∼0.03 A/cm 2 at the beginning of scan, increased to ∼3.7 A/cm 2 at the onset of switching, and reached the compliance value after switching. The low resistance state relapsed to the initial high resistance state once the electric field was reduced below E Threshold . Symmetric switching behaviors under opposite polarity of bias were observed, which is in good agreement with the reported unipolar TS in NbO 2 devices [16] , [20] . However, it is worth noting that the hysteresis of the TS shown here was much smaller as compared to what has been reported previously [16] .
III. RESULTS AND DISCUSSION
To further characterize the consistency of the switches, multiple successive ramps of voltage were applied on the Nb/NbO 2 /TiN devices. 100 cycles of voltage driven switches through a 30 μm × 50 μm device are plotted in Fig. 2(b) . While effective switches are still maintained, it was shown that over the 100 switches E Threshold increased and the transition became more abrupt. To understand the reason for these changes, it would be useful to investigate the oxidation/reduction of the Nb/NbO 2 interface due to the migration of point defects under electric field [21] . Multiple voltage driven switches were also conducted through Nb/NbO 2 /TiN devices with different sizes of Nb contacts. Dimensions of the top contacts investigated included 30 μm × 50 μm, 40 μm × 50 μm, 130 μm × 150 μm, 130 μm × 200 μm. As is shown in the inset of Fig. 2(b) , the E Threshold increased with the area of the top electrode, from ∼ 60 kV/cm for the 30 μm × 50 μm contact to ∼ 90 kV/cm for the 130 μm × 200 μm contact. The mechanism for the area dependence of E Threshold is not entirely clear, but may be related to the non-uniform switching near the edges of 12 VOLUME 4, NO. 1, JANUARY 2016 the rectangular contact, since the distribution of electric field varies near electrodes. Thermal stability of the TS was also investigated. As is shown in Fig. 3(a) , TS of the devices could be obtained up to 150 • C, indicating the usefulness of such devices in circuit applications. With the increase of temperature, the switches became less sharp and the device resistance decreased, which is similar to earlier reports [10] , [16] . Moreover, switching behaviors were also observed by using the probe tip to contact NbO 2 films directly at different temperatures ( Fig. 3(b) ). Forming processes occurred during the first sweep, in which the swept voltage ranges and threshold voltage values were larger than those in the following switches. While demonstrating TS and symmetric characteristics, the switching performed without Nb top contacts exhibited sharper switches with much larger E Threshold at each temperature. E Threshold with no Nb electrode at room temperature was ∼250 kV/cm, which was close to the previously reported value [9] . It is also worth noting that the hysteresis loops were more visible in the switches conducted on the NbO 2 without Nb top contacts. Since sweeps on these two devices were performed under the same conditions, it is thus speculated that the difference was not due to Joule heating but related to the thin Nb 2 O 5 layer on the exposed NbO 2 .
To understand the difference between the TS behaviors of these two structures, the IV curves of high resistance state were fitted to different conduction models. It turned out the transport behavior under lower voltages can be well fitted by Simmons' equation [22] , which describes the direct tunneling when two metallic electrodes are separated by a sufficiently thin insulating film. According to this model, the current density under intermediate voltage (V < B ) is given by
where qΦ B is the barrier height, d is the insulator thickness, m is the effective mass, is the reduced Plank constant. The extracted barrier height (qΦ B ) as a function of temperature is plotted in Fig. 4(a) . For Nb/NbO 2 /TiN structure, q B was ∼0.35 eV, and remained constant from room temperature to 150 • C. For the tip/NbO 2 /TiN structure, qΦ B was ∼2 eV between room temperature and 100 • C, and was reduced to ∼1 eV above 150 • C. It is clear that the contact/NbO 2 interface results in the very large difference in the values of qΦ B obtained from the same sample. Schematics of the electronic structures for the devices with and without Nb capping layer at room temperature are proposed in Fig. 4 with temperature is related to the substantial diffusion of oxygen via the interstitial sites through Nb 2 O 5, which has been observed in the oxides on the surface of single crystal Nb [23] . This understanding of modification effect from surface Nb 2 O 5 promises better control on the TS characteristics of this vertical device, which can be integrated as a selecting device at every crosspoint in RRAM to solve the "sneak path" problem [12] .
IV. CONCLUSION
In summary, we synthesized and fabricated Nb/NbO 2 /TiN vertical devices with phase pure NbO 2 films. The TS obtained from the devices exhibited minimal hysteresis and symmetric behaviors under opposite polarity of bias. Moderate E Threshold was obtained (60 kV/cm-90 kV/cm), which showed a small dependence on the contact area. Reliable switches were retained over hundreds of times. Moreover, symmetric TS behaviors were also observed by using the probe tip to contact NbO 2 films directly, with much larger E Threshold (∼ 250 kV/cm) and hysteresis. The TS characteristics were investigated as a function of temperature on both structures up to 150 • C. The Nb 2 O 5 spontaneously formed on the exposed NbO 2 film was responsible for the difference between switches in these two structures. The fittings to the Simmons' model showed a significant difference for the barrier height for the vertical devices with and without the top Nb contact layer, which could be attributed to the surface Nb 2 O 5 layer. VOLUME 4, NO. 1, JANUARY 2016 13
